High-volume slag (HVS) can reduce the CO 2 emissions of concrete, but increase the carbonation depth of concrete. In particular, because of the effects of climate change, carbonation will accelerate. However, the uptake of CO 2 as a result of carbonation can mitigate the harm of CO 2 emissions. This study proposes an optimal mixture design method of low-CO 2 HVS concrete considering climate change, carbonation, and CO 2 uptake. Firstly, net CO 2 emissions are calculated by subtracting the CO 2 emitted by the material from the uptake of CO 2 by carbonation. The strength and depth of carbonation are evaluated by a comprehensive model based on hydration. Secondly, a genetic algorithm (GA) is used to find the optimal mixture. The objective function of the GA is net CO 2 emissions. The constraints of the GA include the strength, carbonation, workability, and range of concrete components. Thirdly, the results show that carbonation durability is a control factor of the mixture design of low-strength HVS concrete, while strength is a control factor of the mixture design of high-strength HVS concrete. After considering climate change, the threshold of strength control increases. With the increase of strength, the net CO 2 emissions increase, while the CO 2 uptake ratio decreases. which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made.
Introduction
Slag is a byproduct from iron-or steelmaking industry and is widely used to produce sustainable concrete. Use of slag can reduce the risk of alkali-aggregate reaction and enhance resistance to chloride ingress, sulfate attack, and other chemicals (Juenger and Siddique 2015) . To achieve the aim of sustainability, high-volume slag (HVS) concrete, which contains about 70% slag in the binder, is increasingly used. Because HVS concrete has a lower carbonation resistance compared with control concrete, the carbonation durability of HVS concrete should be carefully considered (Rashad 2018; Lee and Wang 2016; Shah and Bishnoi 2018) .
Many studies have evaluated the CO 2 emissions of concrete by incorporating mineral admixtures. Robati et al. (2016) found that the application of supplementary cementitious materials can reduce CO 2 emissions by 16% compared with general practices. Zhang et al. (2019) proposed that concrete containing silica fume and fly ash shows superior environmental performance over plain concrete. Passuello et al. (2017) reported that the use of rice husk ash-derived sodium silicate can reduce the environment impact of geopolymer concrete by about 60%. Teh et al. (2017) determined greenhouse emissions of blended concrete based on process-based life cycle assessment and hybrid life cycle assessment. They found that hybrid life cycle assessment resulted in higher greenhouse emissions. Oliveira et al. (2016) estimated CO 2 life cycle emissions of concrete block manufacturers and found that cement consumption is the domain factor for CO 2 emissions. Kim et al. (2017) determined greenhouse gas emissions Page 2 of 13 Lee et al. Int J Concr Struct Mater (2019) 13:56 for concrete with different strengths. They found that the raw material stage accounted for more than 90% of the greenhouse gas emissions. Although many studies have been conducted to evaluate the CO 2 emissions of concrete, the number of studies on mixture designs of low-CO 2 concrete is relatively insufficient. proposed an evolution algorithm to produce concrete with minimum CO 2 emissions or cost. Based on the optimization method, 34% of CO 2 emissions can be reduced compared to the standard concrete production process. Park et al. (2013) used a genetic algorithm to design low-CO 2 concrete containing recycled concrete aggregate. The required properties of concrete, such as workability, strength, carbonation, and drying shrinkage, were considered (Park et al. 2013) . Yang et al. (2015) determined the unit binder content and mineral admixture replacement level for a design strength and CO 2 reduction level. Based on a hybrid glowworm swarm algorithm, Yepes et al. (2015) optimized the concrete road bridges in terms of CO 2 emissions. However, it should be recognized that methods in some references Park et al. 2013; Yang et al. 2015; Yepes et al. 2015) show some weak points regarding the mixture design of HVS concrete. First, , Yang et al. (2015) , and Yepes et al. (2015) do not consider the constraint of carbonation of concrete. Because HVS concrete has a lower carbonation resistance, the requirement from carbonation durability should be carefully checked. Second, concrete can take up CO 2 due to carbonation (Kim and Chae 2016; Jang and Lee 2016; Fang et al. 2017; Possan et al. 2016 ). CO 2 uptake can alleviate the hazard of CO 2 emissions (Miller et al. 2018; Pacheco-Torgal et al. 2018) . Previous studies do not consider the effect of CO 2 uptake on optimum mixture design. Third, due to climate change, CO 2 concentration and temperature increase, and thus the carbonation of concrete, will accelerate (Papadakis et al. 1991; Papadakis 2000; Demis et al. 2014) . Previous studies do not consider the effect of climate change on optimum mixture design.
This study proposes a mixed design method of low-CO 2 HVS concrete that considers climate change, carbonation, and CO 2 uptake caused by carbonation. A genetic algorithm (GA) was used to determine the optimal mixture scheme. The objective function of the genetic algorithm is the net CO 2 emissions; that is, the CO 2 emissions of the concrete material minus the CO 2 uptake during carbonation. The comprehensive model of hydration-strength-carbonation was used to evaluate the performance of concrete. The influence of the design strength level and climate change scenario on the mixture design was evaluated.
Formulation for the Optimization of Concrete Mixing Proportions
In order to optimize the concrete mixture, objective function and constraint conditions should be established. This study takes net CO 2 emissions as the objective function. The net CO 2 emissions are equal to the CO 2 emissions of the material minus the CO 2 uptake caused by carbonation. Constraints include requirements on strength, durability, workability, component content, component ratio, and absolute volume (Yeh 2007) .
Object Function

CO 2 Emissions of Concrete
The total CO 2 emissions of HVS concrete include the emissions of concrete materials, transportation, and mixing (Lee and Wang 2016) . Total CO 2 emissions can be calculated as follows (Lee and Wang 2016) :
where CO 2−e , CO 2−eM , CO 2−eT , and CO 2−eP represent total CO 2 emissions, CO 2 emissions from concrete materials, CO 2 emissions from transport, and CO 2 emissions from the mixing operation of concrete, respectively. CO 2−eM can be calculated based on the concrete mixture and the unit CO 2 emissions of concrete components as follows:
where CO 2−C , CO 2−SG , CO 2−W , CO 2−CA , CO 2−S , and CO 2−SP are the unit CO 2 emissions of cement, slag, water, coarse aggregate, sand, and superplasticizer, respectively, and C , SG , W , CA , S , and SP are the mass of cement, slag, water, coarse aggregate, sand, and superplasticizer in concrete mixtures, respectively. Table 1 shows the CO 2 emissions of the concrete components (Yang et al. 2015) .
CO 2 Uptake Due to Carbonation
CO 2 is absorbed by carbonation. The carbonation reaction of concrete can be described as follows (Papadakis 2000) :
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(3) and (4), 1 kg of calcium hydroxide (CH) and 1 kg of calcium silicate hydrate (CSH) can take up 0.594 kg of CO 2 and 0.385 kg of CO 2 , respectively. Therefore, for 1 m 3 of carbonated concrete, CO 2 uptake content M = 0.594 CH + 0.385 CSH, where CH and CSH represent the mass of CH and CSH in 1 m 3 concrete, respectively.
For concrete structural units, CO 2 uptake is related to the exposed surface (S), carbonation depth ( x c ), and CO 2 uptake content of 1 m 3 of carbonated concrete ( M ) (Papadakis 2000) . For example, consider a concrete column with a square section (length h 1 , area a 1 by a 1 ). The square column has four sides exposed to the surrounding environment; therefore, the exposure surface area is S = 4 × a 1 × h 1 . In addition, the volume of the concrete column is V = a 1 × a 1 × h 1 , and the exposed surface can be rewritten as S = 4 V/a 1 . When the concrete volume is 1 m 3 , the exposed surface is S = 4/a 1 . The CO 2 uptake content of concrete column ( CO 2UP ) can be determined as follows:
According to Eq. (5), with the increase of surface-tovolume ratio (4/a 1 ), the uptake capacity of CO 2 increases. Equation (5) is valid for the concrete column. For other structural elements, such as slabs, we use a similar method to calculate the CO 2 uptake content. For example, consider a concrete slab in a building (the depth of the slab is h 2 and the area of the slab is a 2 × b 2 ). The slab in the building has six surfaces, i.e. four lateral surfaces and two base surfaces. The four lateral surfaces of the slab are covered with wall elements so that the lateral surfaces are not accessible to environmental CO 2 . Two base surfaces are accessible to environmental CO 2 . The exposure surface area is S 2 = 2 × a 2 × b 2 . In addition, the volume of concrete slab V 2 = a 2 × b 2 × h 2 , and the exposed surface can be rewritten as S 2 = 2 × V 2 /h 2 . When the concrete volume is 1 m 3 , the exposed surface is S 2 = 2/h 2 . The CO 2 uptake content of the slab can be determined as follows:
As shown in Eq. (6), as the surface-to-volume ratio 2/h 2 increases, CO 2 uptake ability increases.
Object Function
This study takes net CO 2 emissions ( CO 2net ) as the objective function. The net CO 2 emissions equal the CO 2 emissions of the material minus the CO 2 uptake caused by carbonation. The optimization objective function is calculated as follows:
Constraint Conditions
The objective function (minimum net CO 2 emissions) is subject to various constraints, such as concrete strength, durability, workability, component content, component ratio, and absolute volume (Yeh 2007) .
Strength constraint means that the design strength should be higher than the required strength. The strength constraint formula is as follows:
where f c (t) is the concrete strength at age t and f cr (t) is the required strength at age t.
HVS concrete has a lower carbonation resistance than plain concrete. Hence, for HVS concrete in an atmospheric environment, carbonation durability should be considered. The carbonation constraint of concrete is as follows:
where x c (t) is the carbonation depth at the exposure service life and CV is the cover depth of the concrete.
The workability constraint of fresh concrete is as follows:
where Slump r is the required slump of the concrete.
The range of component contents is as follows:
where the components are cement, slag, water, fine aggregate, coarse aggregate, or superplasticizer. Table 2 shows the lower and upper limits of the concrete components (Yeh 2007) .
The component ratio constraint is as follows:
where R i is the component ratio (water-to-binder, slagto-binder, fine aggregate-to-total aggregate, total aggregate-to-binder, and water-to-solid ratios) and R l and R u are the lower and upper limits of the component ratio, respectively. Table 3 shows the component ratio constraints (Yeh 2007) .
The absolute volume constraint is as follows: Page 4 of 13 Lee et al. Int J Concr Struct Mater (2019) 13:56 where ρ W , ρ C , ρ SG , ρ S , ρ CA , and ρ SP are the densities of water, cement, slag, sand, coarse aggregate, and superplasticizer, respectively, and V air is the volume of air in the concrete. The densities of water, cement, slag, sand, coarse aggregate, and superplasticizer are 1000, 3150, 2890, 2610, 2700, and 1220 kg/m 3 , respectively. Equation (13) means that the sum of each concrete component should equal 1 m 3 (Yeh 2007 ).
Property Evaluation of Slag-Blended Concrete
In our previous research (Lee and Wang 2016; Wang and Park 2017) , we proposed a comprehensive model of HVS concrete hydration, strength, and durability. The reaction level of cement and slag is calculated according to a blended cement hydration model. According to the reaction degree of the binder, the compressive strength and carbonatable substance content of the binder were calculated. The carbonation depth of HVS concrete was predicted according to its properties and exposure conditions. The input parameters of the hydration-strengthdurability model are the concrete mixture and curing conditions. The output of the comprehensive model is the performance of concrete, such as thermal performance, mechanical performance, and durability performance. The comprehensive model is applicable to concrete with different strength grades (high, medium, and low strength) and different slag substitution grades (low and high slag content) (Lee and Wang 2016; Wang and Park 2017).
Strength Development Model
The compressive strength of slag-blended concrete f c can be analyzed based on the contents of calcium silicate hydrate as follows (Lee and Wang 2016; Wang and Park 2017) :
where α and α SG are the reaction degrees of cement and slag, respectively, and f S,C and f S,P are the weight fractions of SiO 2 in cement and slag, respectively. The The validations of hydration model and strength model are shown in Fig. 1a , b, respectively. For the test of the reaction degree of slag, the water-to-binder ratio of paste specimens was 0.5, the replacement level of slag was between 0 and 67%, and curing temperature varied from 5 to 40 °C. For the strength test, the water-to-binder ratio was 0.59, the slag substitution ratio was 0-0.75, the ages in the compressive strength test were 1 day-18 months, and the curing temperature was 20 °C.
Figure 1c-f shows the parameter analysis of reaction degree and strength development of slag-blended concrete. When slag replaces a proportion of the cement, the degree of hydration of cement increases due to the dilution effect of slag ( Fig. 1c ). For concrete with a low waterto-binder ratio, the dilution effect is very important, and the degree of hydration of cement increases more significantly ( Fig. 1c ). With the increase of slag substitution rate, the alkaline activation effect of calcium hydroxide becomes weaker and the reaction amount of slag also decreases ( Fig. 1d ). For concrete with a low water-to-binder ratio, the increment of compressive strength is more obvious than for concrete with a high water-to-binder ratio (Fig. 1e, f) . For concrete with a low water-to-binder ratio, the dilution effect of slag is obvious.
Carbonation Model
When relative humidity is higher than 50%, there is a carbonation front which distinguishes the carbonation and noncarbonation zones of concrete. The carbonation depth of slag-blended concrete can be analyzed as follows (Lee and Wang 2016; Papadakis 2000) :
where x c is the carbonation depth of concrete, D is the CO 2 diffusivity, [CO 2 ] 0 is the CO 2 molar concentration at the concrete surface, [CH ] is the molar content of calcium (16) Page 5 of 13 Lee et al. Int J Concr Struct Mater (2019) Page 6 of 13 Lee et al. Int J Concr Struct Mater (2019) 13:56 The calcium content in Eq. (16) can be determined using the binders' reaction degree as follows:
where CH CE is the content of produced calcium hydroxide when the unit of cement becomes hydrated and ν SG is the content of the consumed calcium hydroxide when the unit of slag reacts. Equation (18) considers both calcium hydroxide production from cement hydration and calcium hydroxide consumption from the slag reaction.
The porosity of concrete ε can be determined using the binders' reaction degree as follows:
where �ε C is the porosity reduction due to carbonation, which can be determined based on the volumetric variation of the reactants and reaction products of carbonation (Lee and Wang 2016; Papadakis 2000) .
The effects of environmental temperature on CO 2 diffusivity can be considered using the Arrhenius equation as follows:
where D ref is the CO 2 diffusivity at reference temperature T ref , D(T ) is the CO 2 diffusivity at temperature T, and β is the activation energy of CO 2 ( β = 4000) (Stewart et al. 2011) . Figure 2a shows the verification of carbonation model (water-to-binder ratio of specimen was 0.59, slagsubstitution ratio was 0-0.75, and curing age before
carbonation test was 3 days or 28 days). Figure 2b shows the parameter analysis of carbonation of slag-blended concrete. When slag replaces a proportion of the cement, the carbonation depth of concrete increases. The carbonation depth decreases with the decrease of the water-tobinder ratio.
Workability Model
According to previous experimental results (Lim et al. 2004; Thomas 2013) , the slump of slag-blended concrete can be determined by the following:
This equation implies that concrete slump increases with water content, slag substitution ratio, and superplasticizer content and reduces with the water-to-binder ratio and sand ratio. The unit of measurement in Eq. (21) is mm.
According to the mixing proportions of Lim et al. (2004) , the relation between superplasticizer content and water-to-binder ratio is shown as follows:
This equation implies that once the water-to-binder ratio decreases, the superplasticizer content in the concrete mixtures should increase. Additionally, it should be noted that Eqs. (21) and (22) are regressed from references (Lim et al. 2004; Thomas 2013) . If the brands of superplasticizer are altered, the equation might be different.
Summary of Property Evaluation Model
In the second section, we determine the constraint conditions and the objective function of concrete mixture optimization. We set the objective function as the minimum net CO 2 emissions. These constraint conditions include properties such as strength, carbonation durability, and workability. The strength and carbonation of HVS concrete were evaluated by the blended cement hydration model proved by our previous studies (Lee and Wang 2016; Wang and Park 2017) .Once the objective function and constraint conditions are solved, concrete mixtures satisfying various performance parameters can be obtained. The technique of solving the objective function with constraints involves the genetic algorithm (Mathworks 2019) . The genetic algorithm originates from the computer simulation of biological systems. The basic steps of the genetic algorithm are: (1) generate a random population; (2) determine the individual fitness and make selections according to the fitness; (3) generate new individuals based on crossover and mutation operations; (iv) check termination conditions. If the termination condition is not met, return to step (2).
In this study, we used the MATLAB global optimization toolbox to optimize the target with constraint conditions (Mathworks 2019) . The objective function and constraint equation were set in the MATLAB global optimization toolbox, and the optimal mixture satisfying various constraints was found according to the genetic algorithm.
Illustrations of Design Examples
We designed low-CO 2 HVS concrete under different strengths and climate change scenarios. The design strengths are 25, 35, 45, and 55 MPa. The climate change scenario includes two levels: the RCP 8.5 climate change scenario and no climate change scenario. RCP 8.5 was proposed by the Intergovernmental Panel on Climate Change (IPCC) (Pachauri and Meyer 2014) . As shown in Fig. 3 , the RCP 8.5 scenario considers the increment of CO 2 concentration and temperature. Eight hybrid conditions were calculated by combining four design strengths with two climate change scenarios. The design structural unit is a concrete column with a section of 500 × 500 mm.
The exposure conditions were assumed to be temperate (see Table 4 ). The required strength of concrete in temperate climate is 25 MPa, concrete cover depth is 30 mm, and the average exposure temperature is 15 °C (Stewart et al. 2011) . The required service life of concrete is 50 years. The air content of concrete, V air , is assumed to be 2%. The required slump of concrete is 170 mm. Assuming that the relative humidity is 0.7, the CO 2 concentration rise.
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Mixture Design without Climate Change
In this section, we designed concretes of different strength without considering climate change. The concrete mixtures were determined based on the genetic algorithm considering the objective function and various constraints. As shown in Table 5 , Mix1, Mix2, Mix3, and Mix4 correspond to the design strengths of 25 MPa, 35 MPa, 45 MPa, and 55 MPa, respectively. Table 5 shows that the water content of concrete with different strengths is similar. This is because the lower bound of the water-to-solid ratio is 0.08. The slag replacement ratio of each mixture is the same. This is because the upper limit of slag-to-binder ratio is 0.7. In addition, we found that the content of binder increased with the increase of concrete strength. We also found that the mixing proportion of Mix1 is the same as Mix2, although Mix2 (35 MPa) has a higher design strength than Mix1 (25 MPa). This is because for low-strength HVS concrete, carbonation durability is the dominant factor in mixture design. The design strength, real strength, slump, carbonation depth after 50 years' service life, CO 2 emission, and CO 2 uptake after 50 years' service life are shown in Table 6 . According to Table 6 , the real strength of Mix1 and Mix2 is 35.45 MPa, which is higher than the design strength of Mix1 (25 MPa) and Mix2 (35 MPa). In other words, for HVS concrete, the strength of 25 and 35 MPa is not enough to meet the requirement of carbonation durability, and the minimum strength to meet the requirement of carbonation durability is 35.45 MPa. In addition, for Mix3 (45 MPa) and Mix4 (55 MPa), the design strength is equal to the real strength. This is because, for highstrength HVS concrete, concrete strength is the dominant factor. In summary, for HVS concrete, when the design strength is lower than 35.45 MPa, carbonation is the dominant factor in the mixture design. When the design strength is greater than 35.45 MPa, the strength is the dominant factor in the mixture design. Figure 4a shows the carbonation depth of concrete with different mixtures. For Mix1 or Mix2, 50 years later, the carbonation depth is equal to the cover depth of 30 mm. For Mix3 and Mix4, the carbonation depth is less than 30 mm. With the increase of concrete strength, concrete carbonation depth decreases. Figure 4b shows the CO 2 uptake ratios CO 2UP /CO 2−em (the ratio of CO 2 uptake to CO 2 emission). We found that CO 2 uptake ratios decreased with the increase of concrete strength. This is because with the increase of concrete strength, CO 2 emission increases and CO 2 uptake decreases ( Table 6 ). The CO 2 uptake content relates to the carbonation depth and the content of carbonatable substance. With the increase of concrete strength, the contents of binder and Lee et al. Int J Concr Struct Mater (2019) 13:56 carbon substance (CH and CSH) increased. This factor will increase the uptake capacity of CO 2 . However, as the strength of concrete increases, the carbonation depth decreases. This factor reduces the uptake of CO 2 . Since the reduced factor is more significant than the increased factor, the increasing of strength reduces CO 2 uptake content.
Mixture Design with Climate Change
Section 3.1 does not consider the impact of climate change on mixture design. In this section, we describe the design of low-CO 2 HVS concrete considering the impact of climate change. Assuming the climate change scenario is RCP 8.5 (Fig. 3) , mixtures with different strength grades are calculated based on the genetic algorithm considering the objective function and constraints. The design strengths of Mix5, Mix6, Mix7, and Mix8 are 25, 35, 45 and 55 MPa, respectively (shown in Table 7 ). We discovered that Mix5 is the same as Mix6 (in this case, like Mix1 and Mix2). This is because for low-strength HVS concrete (Mix5 and Mix6), carbonation durability is the dominant factor in mixture design. On the other hand, we found that the binder content of Mix5 and Mix6 was higher than that of Mix1 and Mix2. The increase of binder content can increase the content of carbonatable substances, lower the porosity, and increase carbonation resistance. For low-strength HVS concrete, in order to meet the requirements of climate change on carbonation durability, a higher binder content is required. Furthermore, we find that for high-strength concrete (45 MPa and 55 MPa), climate change does not change the concrete mixtures (Mix3 and Mix4 are the same as Mix7 and Mix8, respectively). Table 8 shows the performance of HVS concrete when considering climate change. The real strength of Mix6 and Mix7 is 39.55 MPa, higher than that of Mix1 and Mix2 (35.45 MPa) . This means that for low-strength HVS concrete, design strength needs to be increased in order to mitigate the challenges of climate change. In addition, climate change does not affect the mix design of highstrength HVS concrete (Mix7 and Mix8). Page 10 of 13 Lee et al. Int J Concr Struct Mater (2019) 13:56 as their 30 mm cover depth. This is because carbonation durability dominates the mixture design of low-strength HVS concrete. By comparing Figs. 4a and 5a, we find that climate change has accelerated carbonation (the carbonation depth of Mix7 and Mix8 is higher than that of Mix3 and Mix4, respectively). Figure 5b shows the CO 2 uptake ratio. With the increase of strength, CO 2 uptake ratio decreases. Figure 6a shows the CO 2 uptake content after a service life of 50 years. It shows that when the compressive strength is the same, climate change will increase the content of CO 2 taken up. This is due to an increase in carbonation depth. Figure 6b shows when the compressive strength is the same, climate change increases CO 2 uptake ratios. Figure 6c shows as concrete strength increases, net CO 2 emissions increase. When the compressive strength is the same, climate change slightly lowers the net CO 2 emissions of concrete.
Effect of Structural Elements on Mixture Design and CO 2 Uptake
In Sects. 3.1 and 3.2, structural units are assumed to be concrete columns with a cross section of 500 × 500 mm 2 .
In this section, we discuss the effects of structural element types on optimal mixtures and CO 2 uptake. First, the structural unit is assumed to be a slab (with a depth of 180 mm and a design strength of 55 MPa, considering climate change). Based on the genetic algorithm, the same optimal mixture as that of Mix8 is obtained. In other words, changes in the type of structural units do not affect the optimal concrete mix. However, as shown in Fig. 7a , the CO 2 uptake ratio of the slab is higher than that of the column (this is because the surface areato-volume ratio of the slab is higher than that of the column).
Secondly, the slab thickness was changed from 160 to 200 mm (combined with climate change, the design Effect of structural element types on CO 2 uptake ratio ( CO 2UP /Co 2−em ).
Page 12 of 13 Lee et al. Int J Concr Struct Mater (2019) 13:56 strength was 55 MPa). Based on the genetic algorithm, the same optimal mixture as that of Mix8 is obtained. In other words, changes in slab thickness do not affect the optimal concrete mix. As the slab depth decreases, its surface volume ratio and CO 2 uptake ratio increase (as shown in Fig. 7b ).
Based on the analysis of these parameters, we found that the optimal mixture of low-CO 2 HVS concrete did not change with the change of type and size of structural units. However, the CO 2 uptake increases with the increase of the surface area-to-volume ratio.
Conclusions
In this study, a genetic algorithm was proposed to optimize the design of low-CO 2 HVS concrete mixture considering climate change, carbonation, and CO 2 uptake.
First, the objective function of the genetic algorithm is the net CO 2 emissions; that is, the material CO 2 emissions minus the CO 2 uptake. The uptake of CO 2 is determined by the depth of carbonation, carbonatable substances content, and the geometry of structural elements. The constraints of the genetic algorithm include the strength, carbonation durability, workability, and range of concrete components. Based on the hydration model, the strength and carbonation depth were evaluated.
Secondly, the optimal mixtures under different strength levels and climate change scenarios were determined. Carbonation durability dominates the mixture design of low-strength HVS concrete, while compressive strength dominates the mixture design of high-strength HVS. Under the conditions of no climate change and climate change, respectively, the strength control threshold is 35.45 MPa and 39.55 MPa. For low-strength HVS concrete, a rich mix of materials must be used in order to mitigate the hazards of climate change.
Third, with the increase of strength, the net emissions of CO 2 also increase and CO 2 uptake ratio decreases. When compressive strength is the same, climate change will increase CO 2 uptake content. With the change of structural element type and size, the optimal mixture of low-CO 2 HVS concrete does not change. With the increase of surface area-to-volume ratio, the CO 2 uptake ratio increases.
Fourth, other researchers could substitute their own equations for those for CO 2 emissions, compressive strength, carbonation depth, and slump. In this way, using a genetic algorithm, low-CO 2 HVS concrete can be designed to meet the domestic requirements. The method presented in this paper is a general method for considering both sustainability and durability.
